a Skutterudite CoSb 3 has emerged as one of the most studied candidate materials for thermoelectric applications. In this work, the multilayer inter-diffusion method for depositing Ag-doped CoSb 3 thin films was used to improve its thermoelectric property. A microstructure study demonstrates that Ag enters into the lattice. By using first-principles calculations, it can be concluded that the Ag atoms will preferentially occupy the lattice voids, rather than substitute Sb or Co rings, leading to better thermoelectric performance. As expected, the increase of both Seebeck coefficient and electric conductivity is obtained after Ag doping through the multilayer diffusion method, indicating that this approach can resolve the conflict between these often-contractive thermoelectric factors. Due to this efficient combined action, the power factor has substantially been enhanced and the maximum value reaches 0.11 mW m −1 K −2 at 573 K, which is five times higher than that of the un-doped sample.
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Introduction
Thermoelectric (TE) materials have the ability to directly convert thermal energy to electricity and vice versa. 1 Thus, TE materials have gained great interest due to their potential applications in many fields, including direct conversion of waste heat from industrial sectors or automobile exhausts to electricity, and solid state Peltier coolers. 2 The performance of TE materials is related to the dimensionless thermoelectric figure of merit, ZT, determined by the Seebeck coefficient (S), electrical conductivity (σ), and thermal conductivity (κ) as ZT = S 2 σ/κ, where S 2 σ is also defined as the power factor (PF) and κ includes electronic thermal conductivity κ ele and lattice thermal conductivity κ lat (κ = κ ele + κ lat ). 3 Since S, σ and κ ele are interrelated and generally conflicting via carrier concentration, it is a longstanding challenge to largely improve the TE performance. Therefore, concepts or strategies that can decouple these parameters to simultaneously optimize the electron and phonon transport are highly encouraged and imperative for the thermoelectric community. [4] [5] [6] CoSb 3 has drawn extensive attention as one of the most promising TE materials in the intermediate temperature range over the past few decades. [7] [8] [9] [10] It crystallizes in a body-centered cubic structure with space group Im3 and a unit cell consists of 32 atoms, in which Co atoms form eight sub-cubes with pnicogen rings occupying six of them, leaving the final two voids or cages empty. This special lattice vacancy of the skutterudite structure can be filled within ions that increases the Seebeck coefficient and reduces thermal conductivity by increasing the charge carrier mass and with the "rattling" effect due to the additional phonon scattering centres. 11, 12 For instance, G. Rogl et al.
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demonstrated that In-doped multi-filled n-type skutterudites can exhibit a high power factor and very low thermal conductivity, leading to an outstanding ZT value of 1.8 at 823 K. Recently, the increasing demand of microscale energy harvesting for mobile electronic devices has stimulated the investigation of multifunctional thin film TE devices, which have many advantages such as flexibility, light weight, small volume, high integration, and enhanced compatibility. [14] [15] [16] [17] [18] [19] Additionally, thin films, as one type of low-dimension materials, have good TE performance due to their dense interfaces and grain boundaries, which can effectively scatter phonons. 20 Therefore, many studies on the synthesis of high performance thin films, including CoSb 3 films, have been investigated. [21] [22] [23] [24] [25] [26] For example, A. Ahmed et al. However, TE properties of CoSb 3 thin films remain lower than those of bulk materials due to the difficulty of controlling precisely the composition of the thin films. Radio frequency (RF) magnetron sputtering is an attractive technique to prepare high quality thin films for industrial development. 28 We have successfully fabricated CoSb 3 thin films with a pure skutterudite structure by using this techa nique in our previous studies. [29] [30] [31] However, the TE performance of the films is still inadequate and needs further improvement. In this work, Ag was used as a dopant and the multilayer growing method has been employed which has been reported [32] [33] [34] as an efficient way to prepare doped CoSb 3 films with a large choice of elements. The influence of the Ag doping content on the micro-structure and thermoelectric properties will be investigated.
Experimental details
The Ag target (99.99%) and Co-Sb (99.95%) alloy target with a Co/Sb atomic ratio of 1 : 3.5 were fixed in a magnetron sputtering facility, equipped with a three-position rotatable target system. The sputtering angle was 45°and the target-substrate distance was 10 cm. 2 cm × 2 cm × 1.5 mm glass substrates were used and cleaned in an ultrasonic bath for 10 minutes in acetone, 10 min in absolute ethyl alcohol and 10 min in deionized water. The vacuum chamber was firstly pumped down to 8.0 × 10 −4 Pa and the working pressure was kept at 0.4 Pa with an argon flow of 40 sccm. At first, a Co-Sb layer was deposited onto the glass substrate with a sputtering power of 50 W and the deposition time was 7.5 min. A Ag layer was then deposited onto the previous Co-Sb layer by using a sputtering power of 1 W. For this layer, the deposition time was adjusted for controlling the Ag content. Then, a 2 nd Co-Sb layer was deposited again with the same experimental conditions as the primary Co-Sb layer. Lastly, an annealing process was used for all the samples at 325°C for 1 hour under a constant flow of argon. The precise composition as a function of Ag deposition time was analyzed by energy dispersive spectroscopy and summarized in Table 1 . The crystalline phases were determined by X-ray diffraction (XRD) (D/max2500, Rigaku Corporation) with the 2θ angle range of 15°-70°, using Cu K α radiation (λ = 0.15406 nm). The lattice parameters were refined using the full-profile Rietveld refinement method. Room temperature Raman scattering measurements were performed by using a spectra system Lab Ram Xplora (Horiba Jobin Yvon). The laser excitation used in this work was the 514.5 nm line of an Ar + ion laser. X-ray photoelectron spectroscopy (Escalab 250Xi) was used to investigate the chemical states of the thin film. The micro-structure was characterized by using scanning electron microscopy (SEM, Zeiss supra 55) and transmission electron microscopy (TEM, JEM-3200FS) while the composition analysis was performed by energy dispersive spectroscopy (EDS). The electrical conductivity and Seebeck coefficient were simultaneously measured in the interval of 298 K-573 K by using a Nezsch-SBA458 equipment. The carrier concentration was measured by Van der Pauw Hall measurement (HL5500PC, Nanometrics) at room temperature. In order to determine whether the Ag dopant is energetically favorable, first principles calculations are carried out with the context of density functional theory (DFT) with plane-wave basis sets, as implemented in the Vienna ab initio Simulation Package (VASP). [35] [36] [37] All the calculations were performed with the PBE exchange-correlation functional, and the projected augmented wave (PAW) approach with a plane wave cutoff of 400 eV. The calculations of all the doped systems were done with a 5 × 5 × 5 k grid. The convergence criteria are set to be 10 −4 eV in energy and 0.02 eV Å −1 in force.
We estimated the cohesive energy E coh of the Ag-doped CoSb 3 supercell according to the following formula:
where E Ag-CoSb 3 , E Ag , E Sb and E Co are the total energies of the supercell with Ag dopants, single Ag atom, single Sb atom and Co atom, respectively. x, y and z are the number of Ag, Sb and Co atoms, respectively. Fig. 1(a) shows the XRD patterns of Ag doped CoSb 3 thin films, including the un-doped sample. The diffraction peaks of all the samples can be indexed to the body-centered cubic skutterudite phase with space group Im3 (PDF#78-0976). There are no impurity phases within the detection limit of the XRD spectrometer, indicating that all the films have single CoSb 3 phase. As shown in the inset, the peaks slightly shift to a small angle and the shift increases with increasing Ag content, suggesting the crystal cell expansion. The lattice parameters as a function of Ag content have been calculated using the XRD data and the results are shown in Fig. 1(b 33 No extra peak can be observed, confirming that the films have single cubic structure which is consistent with the XRD result. It is notable that the vibration modes are unchanged and have almost the same peak intensity and full width at half maximum before and after Ag doping. This phenomenon reveals that the cubic structure has a stable bonding state. However, the peaks shift to a lower value as already observed with the XRD results, con- firming the lattice expansion. Therefore, it can be confirmed that this dynamic disorder is produced by the insertion of Ag atoms into the lattice. To further confirm the Ag state in the lattice, we have performed first-principles DFT calculations. Fig. 3 shows the cohesive energy as a function of concentration for various Ag locations. As shown in Fig. 3 , it is much easier to substitute Sb or to stay at interstitial sites for Ag as the calculated E coh values are much lower than that of substituting Co. With the increase of Ag concentration, the absolute energy value decreases and the absolute E coh values of interstitial Ag become maximum. Additionally, Sb-excess was present in all the samples in this work and it was less likely that Ag (being smaller than Sb) substitutes Sb as the lattice parameters were rising with increasing Ag-content. Thus, it can be concluded that the Ag atoms will preferentially occupy the lattice voids, rather than substituting the Sb or Co rings.
Results and discussion
In order to investigate the valence states of the films, XPS analysis was conducted. The binding energy (BE) obtained from the high-resolution core level spectra regions of Co 2p, Sb 3d and Ag 3d of the undoped thin film and the sample with a Ag content of 2.2% is shown in Fig. 4 . The BE of all peaks was corrected using C 1s energy at 284.8 eV in addition to the charge compensation by the flood gun associated with the spectrometer. The spin-orbit-coupled doublet of Co 2p core levels of the undoped sample is split into 2p3/2 (779.0 eV) and 2p1/2 (793.7 eV) with the separation of the 2p doublet by 14.7 eV and it is attributed to the charge state of Co 3+ . The Agdoped sample has the same BE separation (14.9 eV), indicating that the sample has a stable Co state. However, the chemical shift to a lower value means that the filled Ag reduces the p-d orbital hybridization between Co and Sb. It can be seen from the undoped film that the photoemission spectra of Sb 3d5/2 and 3d3/2 core levels are both composed of double peaks. The two deconvoluted peaks of the photoemission spectra of Sb 3d5/2 and 3d3/2 core levels in CoSb 3 are obtained by Gaussian-Lorentzian deconvolution analysis, showing that the Sb in CoSb 3 has a metallic and oxidized state. The photoemission spectrum of the Sb 3d core level in the Ag-doped sample is almost the same as that of the undoped CoSb 3 . According to the bonding states in CoSb 3 , the chemical states of Sb in CoSb 3 include both Co-Sb and Sb-Sb bonds. Thus, combining the results of Co and Sb core level spectra, the Ag doping has no effect on the chemical state of Sb-Sb rings. Similar results have been found in previous reports on doped CoSb 3 materials with enhanced thermoelectric performance. 41, 42 In the case of Ag, the BE of Ag 3d5/2 and Ag 3d3/2 was around 368.3 and 374.5 eV, which is the typical position and separation of spin-orbit components for Ag ion + . It seems that the photoemission spectra of Ag 3d core levels are composed of satellite peaks including probably the metal state. Fig. 5 displays the surface morphology for all the samples. It can be seen that the undoped sample contains some tiny grains. Similar results can be observed for all the Ag doped samples. With the increase of Ag content, the particles become larger and triangle-shaped, suggesting that Ag can promote the grain growth. Fig. 6 shows the TEM image of the sample with a Ag content of 2.7%. It can be found that there are some black and white regions, which might be due to the protruding particles on the surface. The insert images of composition analysis show few and insignificant differences between these regions. In addition, the elemental mappings shown in Fig. 7 indicate that all the elements were homogenously distributed in the thin films. Thus, we deduce that the observed white grains dispersed on the surface have the same structure and composition as the thin film. Fig. 8(a) , (b) and (c) show respectively the electrical conductivity σ, the Seebeck coefficient S and the power factor PF as a function of temperature. In Fig. 8(b) , σ of the undoped sample is 0.83 × 10 4 S m −1 at 298 K which is a relatively low value compared to bulk materials. It distinctly increases with increasing temperature, suggesting semiconductor characteristics. The electrical conductivity σ is obviously increased after Ag-doping with the same trend as the un-doped sample. Comparatively, the sample with a Ag content of 2.2% shows the highest electrical conductivity at 298 K, but the sample doped with 1.5% Ag has a maximum absolute value of 1.82 × 10 4 S m −1 at 523 K. However, the electrical conductivity of all the samples decreases dramatically when the temperature is over 523 K and drops to extremely low values after the temperature is increased above 573 K. This result can be attributed to The S value is greatly increased for all Ag doped samples and it reaches a maximum with a Ag doping of 2.2%. As all the Agdoped films have larger absolute S values than that of the undoped sample, it can be concluded that Ag is an effective dopant. The maximum absolute S value can be observed to be 86 μV K −1 at 573 K, which is two times higher than the value for the undoped sample. It is worth noting that both Seebeck coefficient S and electrical conductivity σ are increasing at appropriate Ag doping, demonstrating that Ag doping can resolve the conflict between S and σ. It is well known that the electrical conductivity is determined by the expression of σ = nμe, where n is the carrier concentration, μ is the carrier mobility and e is the unit charge. And the Seebeck coefficient is also related to the carrier concentration and the density of states effective mass of carriers, according to the Pisarenko relations:
where k B is the Boltzmann constant, e is the electron charge, h is the Planck constant, and m* is the density of states effective mass of carriers. It can be found that S and σ are both dependent on carrier concentration n. Therefore, the Hall carrier concentration n of all the samples at room temperature was measured. For the undoped samples, the carrier concentration is 1.9 × 10 21 cm −3 and it increases to 5.8 × 10 21 cm −3 when the Ag content is 0.4% and the n of all the Ag doped samples is higher than this value. The increase of n is attributed to the additional electron carrier created by Ag doping, resulting in the increase of σ, since the Seebeck coefficient is inversely proportional to the carrier concentration. Thus, we deduce that the increase of the Seebeck coefficient of our doped samples is mainly due to the increased electron effective mass, as already observed with other doped CoSb 3 materials, having an effective mass between 2 and 3m 0 (the free electron mass) after doping. [44] [45] [46] [47] The power factor PF calculated from the measured σ and S is plotted in Fig. 8(c) . Due to the increase of both Seebeck coefficient and electrical conductivity originated by Ag doping, the PF has been obviously enhanced and increases with increasing Ag content. The PF value of all Ag-doped samples is much higher than that of the un-doped sample, and the sample with a Ag content of 2.2% shows a maximum value of 0.11 mW m −1 K −2 at 573 K, which is five times higher than the PF value of the un-doped sample.
Conclusions
Ag doped CoSb 3 thin films were fabricated by the multilayer growth method and the effect of the Ag content was investigated. Microstructure study and theoretical simulation results confirm that Ag fills into the lattice and occupies the void, with significant effects on the chemical state of Co-Sb bonding. The Seebeck coefficient and the electrical conductivity of the doped thin films are greatly enhanced due to the increasing carrier concentration and density of states effective mass of carriers, leading to substantial enhancement of the power factor. These results demonstrate the effectiveness of our concept for simultaneously improving the Seebeck coefficient and electrical conductivity through careful composition doping.
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